Purpose: The expression of chemokine receptors CXCR4 and CCR7 has been associated with tumor dissemination and poor prognosis in a limited number of tumor entities. However, no data are currently available on the impact of chemokine receptor expression on disease progression and prognosis in human colorectal cancer.
INTRODUCTION
Survival in colorectal cancer, ranging among the three most frequent malignancies in Western countries is delineated by local recurrence and lymphatic and hematogenous dissemination (1 -3) . Molecular determinants occurring during the development of sporadic colorectal cancer include mutations in certain tumor suppressor genes (APC, DCC, Smad-2, Smad-4, p53) and oncogenes (K-ras) that have been summarized in the adenoma-carcinoma sequence initially proposed by Fearon and Vogelstein (4), Cho and Vogelstein (5) , and Vogelstein and Kinzler (6) . However, because only 8% of colorectal cancers harbor concomitant mutations of APC, K-ras, and p53 it seems very likely that additional pathogenic alterations are instrumental to mediate progression and metastasis of colorectal cancer (7) .
Currently, tumor growth and metastatic dissemination are accepted as a result of a complex, dysregulated molecular machinery leading to several phenomena, such as the resistance of tumor cells to apoptosis, tumor cell migration, tumor cell invasion, and tumor cell immune escape mechanisms. Regarding these aspects, recent data suggest that chemokine receptors may direct lymphatic and hematogenous spreading and may additionally influence the sites of metastatic growth of different tumors (8) . Originally, chemokines and their G proteincoupled receptors were reported to mediate different pro-and anti-inflammatory responses (9) . The chemokine receptor CXCR4 was initially described to regulate the homing of lymphocytes in inflammatory tissues (10) . Its natural ligand, the stromal cell-derived factor 1a (SDF-1a), is highly expressed in tissues of metastatic growth, such as lung, liver, and lymph nodes, and attracts lymphocytes to these organs (11) . CCR7, the receptor for the chemokine CCL21, is expressed on naïve T cells, memory T cells, B cells, and mature dendritic cells and is considered to play an important role in lymphocyte cell trafficking and homing to lymph nodes (12, 13) .
Most recently, these two chemokine receptors have shifted into focus as to their role in tumor spreading. High CXCR4 expression was associated with lymph node metastases in breast cancer and oral squamous cell carcinoma (14, 15) . In patients with osteosarcoma, CXCR4 expression levels were positively correlated with detection of metastasis at the time of diagnosis but inversely with event-free survival, metastasis-free survival, and overall survival (16) . CCR7 expression was positively correlated with lymphatic metastasis and poor prognosis in esophageal squamous cell carcinoma and gastric cancer (17, 18) .
Supporting data from in vitro and murine tumor models underlined the key roles of both receptors for tumor cell malignancy. Stimulation of CCR7 by its ligand CCL21 induced migration and invasion of CCR7-expressing cancer cells (19) . In line with this, inhibition of CXCR4 suppressed SDF-1 -induced migration, invasion, and angiogenesis (20, 21) . Furthermore, down-regulation of CXCR4 in colorectal cancer cells led to decreased pulmonary metastasis in mice, both in number and in size (22) .
However, no data are presently available on the expression of CXCR4 and CCR7 in human colorectal cancer and their impact on disease progression and prognosis. Therefore, we evaluated the expression of CXCR4 and CCR7 in colorectal cancer cell lines and specimens and correlated the results with the patients' clinicopathologic parameters and survival. Our results revealed that strong expression of CXCR4, but not of CCR7, significantly influenced lymphatic and hematogenous tumor dissemination and correlated with a decreased 3-year survival rate. Both receptors were further associated with the highly lymphotropic rectal tumor location. In addition, we analyzed the effect of SDF-1a on migration of SW480, SW620, and LS174T human colorectal cancer cells.
MATERIALS AND METHODS
Cell Culture. The human colorectal cancer cell lines SW480, SW620, LS174T, and HT29 were cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FCS, 100 units/mL penicillin, 100 Ag/mL streptomycin (Cambrex, East Rutherford, NJ) and 1 mmol/L L-glutamine (Invitrogen).
RNA Isolation and Semiquantitative Reverse Transcription -PCR. RNA isolation was done using the RNeasy Kit according to the manufacturer's recommendations (Qiagen, Hilden, Germany). Gene transcription of actin, CXCR4 and CCR7 was analyzed by a two-step reverse transcription -PCR: reverse transcription was done with 2 Ag of RNA (20 AL total volume; Omniscript RT Kit, Qiagen) according to the recommendations of the manufacturer. One microliter of the cDNA was used as a template for the specific PCR reactions. Primers applied were h-actin: forward 5V -TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA-3V, reverse 5V -CTA GAA GCA TTT GCG GTG GAC GAC GGA GGG-3V (661-bp fragment); CXCR4: forward 5V -TTC TAC CCC AAT GAC TTG TG-3V, reverse 5V -ATG TAG TAA GGC AGC CAA CA-3V (206-bp fragment); CCR7: forward 5V -TCC TTC TCA TCA GCA AGC TGT C-3V, reverse 5V -GAG GCA GCC CAG GTC CTT GAA-3V (529-bp fragment). For amplification a DNA Engine PTC200 (MJ Research, Watertown, MA) thermocycler was used. Cycling conditions of the respective PCRs were as follows: initial denaturation (4 minutes at 95jC) followed by the respective number of cycles (h-actin, 28; CXCR4 and CCR7, 32) of denaturation (1 minute at 94jC), annealing (1 minute; h-actin, 52jC; CXCR4, 56jC; CCR7, 62jC) and elongation (2 minutes at 72jC). After the last cycle a final extension (10 minutes at 72jC) was added and thereafter the samples were kept at 4jC. Fifteen microliters of the products were run on a 1.8% agarose gel, stained by ethidium bromide, and analyzed under UV light.
Western Blot Analysis. SW480, SW620, LS174T, and HT29 cells were washed with PBS and lysed in 0.5% NP40 solution. One hundred micrograms of protein were loaded on a 10% SDS-PAGE gel. The gel was transferred onto a polyvinylidene difluoride membrane after separation. The respective proteins were detected with anti-CXCR4 (1:500, CIO115, Capralogics, Hardwick, MA; 1:1000 donkey anti-goat After resection, patients were followed up every 6 months. Patients with synchronic or metachronic metastasis underwent additional restaging every 3 months during chemotherapy.
Immunohistochemical Staining. The avidin-biotin complex method was used to detect the proteins CXCR4 and CCR7 (anti-CXCR4, dilution 1:300; anti-CCR7, dilution 1:250; both from Capralogics). Formalin-fixed and paraffinembedded tissues were deparaffinized and subsequently microwaved in EDTA buffer. After preincubation with hydrogen peroxide, avidin/biotin blocking kit (Vector Laboratories Inc., Burlingame, CA), and rabbit serum (Vector Laboratories), the primary antibodies were applied for 1 hour at room temperature. After incubation with the secondary antibody (rabbit anti-goat biotinylated; dilution 1:200, Vector Laboratories), the avidin-biotin complex was added and the enzyme activity visualized with diaminobenzidine. Counterstaining was done with hematoxylin. For negative controls, only the secondary antibody was used. A negative control was done for every colorectal cancer sample (n = 96). For positive controls, formalin-fixed and paraffin-embedded tissue samples of the human spleen were applied.
Evaluation of Immunostaining. Immunostaining was evaluated by four authors independently (C.C.S., M.M., S.S., and N.S.), blinded to patient outcome and all clinicopathologic findings. The immunohistochemical staining was analyzed according to a scoring method that we have previously validated: the tumors were classified into four groups based on the staining intensity (0, absent; 1, weak; 2, intermediate; 3, strong staining). In the case of heterogeneous staining within the same sample, the respective higher score was chosen if >50% of cells revealed the higher staining intensity. If the evaluations did not agree the specimens were reevaluated and then classified according to the assessment given most frequently by the observers.
Cellular Migration Assays. Migration of SW480, SW620, and LS174T cancer cells was assayed with 24-well HTS FluoroBlok inserts in triplets (8-Am pore size; Becton Dickinson, Franklin Lakes, NJ). In brief, cells were serum starved for 24 hours before initiation of the assay. Cells (3 Â 10 4 ) were resuspended in serum-free DMEM and added to the upper chamber. Consecutively, DMEM with 20% FCS and with or without 100 ng/mL SDF-1a was added to the lower chamber. Chambers were incubated for 24 hours at 37jC in a humid atmosphere of 5% CO 2 . After incubation, the amount of migrated cells in the lower chamber was determined by luminescence assay according to the recommendations of the manufacturer (Celltiter-Glo Cell Viability assay, Promega, Mannheim, Germany).
Statistics. The association of staining intensity with clinicopathologic patterns was assessed with v 2 test and with unpaired Student t test, when appropriate. Differences in migration were evaluated with unpaired Student t test. Survival rates were visualized by applying Kaplan-Meier curves, and P values were determined by the log-rank test. P < 0.05 was considered significant and P < 0.001 highly significant in all statistical analyses. Tumor Characteristics and Patient Profiles. The selected group of patients represent the typical characteristics of colorectal cancer in industrialized countries, except for a lower percentage (16%; normal expectation, 50%) of rectal cancers (Table 1) .
RESULTS
Immunohistochemical Staining of CXCR4 and CCR7. The staining for CXCR4 and CCR7 revealed predominantly a cytoplasmic, and in few specimens, an additional weak membranous location of CXCR4 and CCR7 ( Fig. 2A-H) . Homogenous cytoplasmic staining was found in 66% and 55% of all samples for CXCR4 and CCR7, respectively. A nuclear staining of CXCR4 or CCR7 was not observed. The respective expression rate for CXCR4 was 100% (96/96) and varied from weak (14%) to intermediate (28%) to strong (58%). A CCR7 expression was found in 98% (94/96) of all colorectal cancer specimens and varied from absent (2%), weak (27%), intermediate (44%) to strong (27%).
Negative controls of human colorectal cancer remained negative for every colorectal cancer sample (n = 96). Splenic lymphocytes revealed a strong CXCR4 and CCR7 expression matching human colorectal cancer tissue or cell lines with strong expression of CXCR4 or CCR7.
CXCR4 Expression in Colorectal Cancer. Strong CXCR4 expression tended to be associated with lower median age at diagnosis (62 versus 66 years; not significant (NS); Table 2 ) and with male gender (61% versus 42% females; NS; P = 0.078). Furthermore, a strong CXCR4 staining intensity was significantly correlated with rectal cancers (25% versus 0%; P = 0.0006). It is noteworthy that all rectal cancers (14/ 14) revealed a strong CXCR4 expression, whereas in colon cancers a strong CXCR4 expression was seen in only 51%. Concerning the Union International Contre Cancer (UICC) classification, a strong CXCR4 expression was significantly associated with UICC stages 3 and 4 (P = 0.0012) as compared with UICC stages 1 and 2, describing limited disease. Intensity of CXCR4 expression did not correlate with local progression of the primary tumor as indicated by the T status [tumor-node-metastasis (TNM) classification; P = 0.86]. However, a high expression was significantly associated with lymph node involvement (N status; P = 0.0038) and with distant metastases (M status; P = 0.00003). Evidently, CXCR4 expression did not have impact on the grading (G) or the resection status (R). Concerning survival, a strong CXCR4 expression was correlated with a decreased 3-year survival rate of 70%, as compared with 82% in the case of weak/ intermediate CXCR4 expression. This difference is depicted in the respective survival plot of Fig. 3A (log-rank P = 0.01; rank sum, 0.078).
CCR7 Expression in Colorectal Cancer. Strong/intermediate CCR7 expression was associated with a lower median age at diagnosis of 62.5 years as compared with 65.5 years in cases with weak/absent expression (Table 3 ; NS). A strong/ intermedia CCR7 staining intensity did significantly correlate with rectal cancers (21% versus 0% in cases with weak/absent CCR7 expression; P = 0.0094). However, in contrast to CXCR4, the CCR7 expression did not correlate with UICC or TNM classification. CCR7 expression was neither associated with gender, grading (G), nor with the resection status (R). An intermediate/strong CCR7 expression was correlated with a increased 3-year survival rate of 85% compared with 70% in the cases with absent/weak CCR7 expression, as depicted in the respective Kaplan-Meier plot of Fig. 3B (log-rank test: NS; P = 0.34).
Subgroup Analysis: CCR7 Expression in Rectal versus Colon Cancers. Intermediate/strong CCR7 expression was found in 54 (67%) colon and 14 (100%) rectal cancers (Table 4) . In rectal as compared with colon cancers, an intermediate/strong CCR7 expression was significantly associated with higher UICC stages 3 and 4 (UICC classification; P = 0.01), dedifferentiation as indicated by grades 3 and 4 (grading; P = 0.002), lymph node (N status; P = 0.03) and distant metastases (M status; P = 0.006). No difference in T or R status was observed for this subgroup. (Fig. 4) .
DISCUSSION
This is the first study analyzing the expression profiles of the chemokine receptors CXCR4 and CCR7 in a larger series of human colorectal cancer tissues and cell lines. We further determined whether CXCR4 and CCR7 expression influenced migration of cancer cells in vitro and the metastatic behavior of colorectal cancer and its prognosis in patients, as recently reported for breast cancer (14) and osteosarcoma (16) .
The investigated human colorectal cancer cell lines revealed different intensities of cytoplasmatic CXCR4 and CCR7 expression. Whereas strong expression of CXCR4 was found in SW480 and HT29 cancer cells, other cell lines such as LS174T barely expressed CXCR4 at all. Similarly, varying intensities of CCR7 expression were detected in the respective cell lines.
Immunohistochemical staining of human colorectal cancer specimens displayed a cytoplasmic CXCR4 and CCR7 expression with variable intensities, matching the observations made in human colorectal cancer cell lines. A membranous localization of CXCR4 was observed in fewer cases, but an inducible translocation of CXCR4 from the cytoplasma to the membrane has been reported (23) .
Interestingly, strong CXCR4 expression was significantly associated with rectal cancers, lymph node metastases, distant metastases, and higher UICC stages 3 and 4. Furthermore, a trend for male gender and older ages was observed in cases with intense CXCR4 expression. Thus, our results imply a substantial influence of CXCR4 on the lymphatic and hematogenous dissemination of colorectal cancer in vivo and are in line with recent publications reporting a similar effect of CXCR4 on disease dissemination in other tumor entities (16, 24, 25) . CXCR4 expression has previously been associated with i.p. dissemination in ovarian cancer (24) , intrapleural dissemination in non -small cell lung cancer (25) , lymph node metastases in breast cancer (14) , and oral squamous cell carcinoma (15). In osteosarcoma, the level of CXCR4 expression was inversely correlated with overall survival, event-free survival, and metastasis-free survival, but positively associated with detection of metastasis (16) . CXCR4 expression was further up-regulated in glioblastoma and inhibition of this receptor was followed by arrest of tumor cell proliferation (26) . Microarray analyses of cDNA revealed that CXCR4 overexpression also occurred in renal (27) , esophageal (28) , and pancreatic cancer (29) , implying a relevant function of CXCR4 expression during carcinogenesis in these cancer entities. In contrast, a strong CXCR4 expression was associated with noninvasive gastric cancers but not with lymph node metastases (30) . Similarly, strong CXCR4 expression was associated with a better outcome in early stages of non -small cell lung cancer but not with age, gender, or TNM stage (31) . Because strong CXCR4 expression might rather occur in later tumor stages, concentration on early stages might have led to false-negative results. Nevertheless, the effect of a strong CXCR4 expression on disease dissemination might depend on the type and location of the primary cancer and most likely on other parameters, which have not been defined yet. Diverse functional studies investigating the influence of CXCR4 expression and the activation by its ligand SDF-1a (CXCL12) have been done recently, revealing that CXCR4 is crucial for adhesion, migration, and invasion of CXCR4-expressing pancreatic, lung, and glioblastoma cancer cells (15, 20, 32, 33) . To confirm the functionality of CXCR4 in colorectal cancer we did migration assays with SW480, SW620, and LS174T colorectal cancer cells. Migration of SW480 and SW620 cells intensively expressing CXCR4 was significantly stimulated by SDF-1a, implying an important role and intact function of CXCR4 during disease progression of colorectal cancer. In contrast, LS174T cells barely expressing CXCR4 revealed a weak basic migratory behavior that could not be stimulated by SDF-1a. These results indicate that the intensity of SDF-1a -induced cell migration in vivo correlates with cellular CXCR4 expression.
Previous publications further reported that CXCR4 activation induced h-integrin activation, which itself was critical to adhesion of CXCR4-activated melanoma cells to vascular cellular adhesion molecule and pulmonary endothelial cells (33, 34) . In vivo induction of CXCR4 resulted in a dramatic increase of pulmonary metastases of melanoma cells that could be blocked by potent CXCR4 inhibitors (22) . In another murine model, only CXCR4-expressing but not CXCR4-deficient CT-26 colon carcinoma cells did grow into macrometastases, but both cell types were able to colonize livers and lungs after injection (35) .
The question arises why predominantly the lungs, liver, and lymph nodes are being target organs for metastases of colorectal cancer in humans. Because the filter function of these organs (36) does not solely explain the growth of metastases, other homing factors influencing selection of target organs have been proposed (37, 38) . The differential expression of SDF-1a and vascular cellular adhesion molecule 1 by endothelial cells might explain at least one part of this process. Most endothelial cells express SDF1a, but, presently, only pulmonary endothelial cells have been shown to coexpress vascular cellular adhesion molecule 1, thus mediating tumor cell/endothelial cell attachment (34) . Even as endothelial cells of other target organs might similarly coexpress vascular cellular adhesion molecule 1, the SDF-1a expression mediating integrin activation seems to be highest in the typical homing organs adrenal glands, lungs, bone marrow, liver, and lymph nodes as compared with other nonhoming tissues, such as kidneys, heart, or even plasma (11, 15) . Our results support the ''homing'' theory because CXCR4 expression co-mediates hematogenous dissemination of primary tumors to different organs through the chemotactic factors SDF-1 (37). The influence of CXCR4 on the lymphatic (as compared with the hematogenous) dissemination has not been investigated thus far, but SDF-1 is also highly expressed in lymph nodes and CXCR4 inhibition resulted in suppression of breast cancer lymph node metastases, implying similar pathways of lymphatic and hematogenous dissemination (39) .
Thus far, first data implicated both external cellular factors such as hypoxia (Hif-1 pathway) and the activation of adenosine receptors as well as internal cellular alterations, such as the inactivation of the tumor suppressor protein p53 and overexpression of NFkB , as important molecular regulators of the CXCR4 expression (23, 40 -42) . Loss of function mutations of the von Hippel-Lindau tumor suppressor gene pVHL, which normally degrades Hif-1, resulted in a strong CXCR4 expression and poor survival in renal cancer (43) .
In contrast to CXCR4, high CCR7 expression did not correlate with gender, UICC stage, TNM classification, grading, resection status, or a reduced 3-year survival rate. Thus, our results did not confirm any influence of CCR7 on the dissemination of colon cancer as described for gastric cancer and esophageal squamous cell carcinoma (17, 18) . In these tumor entities, high CCR7 expression was significantly associated with lymphatic invasion, lymph node metastases, and poor prognosis. It is noteworthy that the percentage of rectal tumors among all colorectal cancers was only 16% as compared with up to 50% in larger populations and was thus underrepresented. However, all 15 rectal cancers displayed an intermediate/strong CCR7 expression, which was significantly associated with progressed UICC stages, dedifferentiated tumors, lymph node metastases, and distant metastases as compared with colon tumors with the identical expression pattern. These data certainly justify a larger analysis of CCR7 expression in rectal cancers. The theory of CCR7 -co-mediated mechanism of lymphatic dissemination is being supported by data, revealing that CCR7 expression of melanoma cells increased metastases formation in regional lymph nodes of mice (44) . CCR7-mediated lymphatic dissemination has been compared with the homing of activated dendritic cells to CCL21-expressing lymph nodes via lymphatic vessels (18, 19, 45 -47) .
Very recently, certain chemokines and cytokines have been proposed to distinctly contribute to tumor growth, dissemination, and local immunosuppression/escape (48, 49) . Our results, revealing a significant correlation between a strong CXCR4 expression and lymphatic and hematogenous tumor dissemination, support such a theory. Fig. 4 Effect of SDF-1a on migration of different colorectal carcinoma cell lines. These assays confirm that migration of CXCR4-expressing colorectal cancer cell lines SW480 and SW620 is increased under SDF-1a (100 ng/mL) treatment. Migration of LS174T cells revealing only a weak CXCR4 expression is not stimulated by SDF-1a.
